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HIGHLIGHTS 


•  Spinel  NiCo204  was  prepared  by  sol 
-gel  method  using  three  chelating 
agents. 

•  The  effect  of  different  chelating 
agents  on  the  electrochemical  prop¬ 
erties  of  the  NiCo204  was  firstly 
investigated. 

•  The  first-principles  were  used  for 
calculation. 

•  High  specific  capacitance  of 
1254  F  g^1  at  2  A  g-1  was  obtained 
using  oxalic  acid  as  chelating  agent. 
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In  this  work,  spinel  NiCo204  is  prepared  by  a  facile  sol— gel  method  with  the  effect  of  three  different 
chelating  agents  including  citric  acid  (CA),  oxalic  acid  (OA)  and  ethylenediamine  tetraacetic  acid  (EDTA) 
explored  upon  the  fabrication  methodology  and  resulting  electrochemical  and  supercapacitor  properties. 
The  electrochemical  measurements  reveal  that  NiCo204  prepared  using  OA  exhibits  ultrahigh  specific 
capacitance  of  1254  F  g-1  at  2  A  g_1  due  to  the  resultant  high  specific  surface  area,  while  NiCo204 
prepared  by  EDTA  exhibits  the  best  rate  capability  and  cycling  stability  owing  to  the  subsequent  large 
pore  size.  The  obvious  differences  can  be  primarily  ascribed  to  the  use  of  the  differing  chelating  agents 
which  are  shown,  for  the  first  time,  to  greatly  affect  the  particle  size,  pore  structure  and  specific  surface 
area  of  the  fabricated  NiCo204.  Such  work  is  of  fundamental  importance  and  demonstrates  that  the 
tailoring  of  these  different  properties  can  be  readily  obtained  through  the  use  of  differing  chelating  and  is 
responsible  for  the  observed  differing  electrochemical  properties.  Additionally,  first-principles  calcula¬ 
tions  were  employed  to  investigate  the  electronic  structure  of  NiCo204,  which  can  help  to  further  un¬ 
derstand  its  excellent  electrochemical  behaviors.  These  results  above  provide  a  facile,  cost-effective  and 
high-performance  strategy  for  supercapacitor  electrode  applications. 
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1.  Introduction 

The  development  of  efficient,  clean,  and  sustainable  energy 
technologies  is  being  intensively  pursued  owing  to  the  rapid 
growth  of  the  global  economy,  the  depletion  of  fossil  fuels,  and 
increasing  environmental  pollution  [1].  Electrochemical  energy 
storage  technology  comprising  batteries,  fuel  cells,  and  super¬ 
capacitors  is  one  of  the  most  effective  and  practical  technologies  in 
many  areas  of  application  [2  .  Supercapacitors  (also  named  elec¬ 
trochemical  capacitors  or  ultracapacitors)  are  receiving  increasing 
consideration  due  to  a  combination  of  high  power  and  reasonably 
high  energy  density,  and  they  are  ideally  suited  to  the  rapid  storage 
and  release  of  energy  since  they  can  provide  high  specific  power, 
long  cycle  life,  and  fast  charge/discharge  processes  [3,4  .  Conse¬ 
quently,  they  are  widely  used  in  consumer  electronics,  memory 
back-up  systems,  hybrid  electric  vehicles,  and  industrial  power 
management  [5,6  .  The  energy  stored  in  supercapacitors  is  either 
capacitive  (electrochemical  double  layer  capacitors)  or  pseudoca- 
pacitive  (pseudocapacitors)  in  nature.  The  capacitive  process  is 
based  on  charge  storage  mechanisms  at  the  surface  of  the  elec¬ 
trode/electrolyte  interface,  while  the  pseudocapacitive  process  re¬ 
lies  on  redox  reactions  that  occur  in  the  electrode  materials  [7].  The 
most  widely  used  active  electrode  materials  are  carbon  [8,9],  con¬ 
ducting  polymers  10,11  and  transition  metal  oxides  [12-14]. 
Among  them,  transition  metal  oxides  have  attracted  significant 
interest  as  active  electrode  materials  for  supercapacitors  owing  to 
the  higher  specific  capacitance  obtained  from  the  Faradaic  elec¬ 
trochemical  reactions  occurring  on  the  surface  of  electrode 
materials. 

Recently,  various  kinds  of  transition  metal  oxides  have  been 
explored  as  potential  electrode  materials  for  use  in  supercapacitors, 
primarily  including  RuC>2  [12,15],  NiO  [13,16  ,  Mn02  [14,17],  C03O4 
[18,19  ,  etc.  Among  them,  RUO2  is  the  most  prominent  electrode 
material  for  supercapacitor  applications  because  of  its  high  specific 
capacitance,  good  electrical  conductivity  and  reversible  char¬ 
ge-discharge  properties.  Note  that  its  highest  specific  capacitance 
ever  reported  was  as  high  as  1580  F  g_1  [20].  Very  recently,  our 
group  has  also  found  that  RuC>2  and  its  hybrid  manifest  outstanding 
supercapacitances  under  ultrafast  charge  and  discharge  with  ul- 
trahigh  rate  capability  and  remarkable  cycling  stability  [21]. 
Despite  many  advantages,  the  high  cost  of  Ru02  is  a  limitation  for 
extensive  commercial  acceptance,  thus  great  efforts  have  been 
devoted  to  searching  for  inexpensive  alternative  materials  with 
good  capacitive  characteristics  similar  to  RUO2.  Whereas,  it  is 
noteworthy  that  spinel  NiCo204  demonstrates  an  ultrahigh  specific 
capacitance  of  1400  F  g-1  under  a  mass  loading  of  0.4  mg  cm'2  from 
an  epoxide-driven  sol-gel  process  as  reported  by  Hu  et  al.  [22]. 
Spinel  NiCo204  not  only  has  the  advantages  of  low  cost,  environ¬ 
mental  friendliness  and  abundant  resources,  but  also  possesses  a 
much  better  electronic  conductivity  (at  least  two  orders  of 
magnitude  higher)  and  higher  electrochemical  activity  compared 
with  NiO  and  C03O4  [23  .  Therefore,  spinel  NiCo204  is  a  potentially 
cost-effective  replacement  for  Ru02  as  electrode  materials  for 
practical  application  in  supercapacitors. 

Currently,  spinel  NiCo204  has  been  widely  used  in  the  fields  of 
magnetic  materials  [23],  electrocatalysts  [24,25]  and  lithium  ion 
batteries  [22,26].  Whereas,  it  is  only  very  recently  that  NiCo204  has 
been  used  as  a  potential  candidate  for  supercapacitive  materials.  So 
far,  several  kinds  of  methods  including  sol-gel  [22,27  ,  co¬ 
precipitation  [28  ,  hydrothermal  [29]  and  electrodeposition  [30] 
have  been  developed  to  synthesize  NiQ^CH.  Among  them,  sol- 
-gel  methods  are  considered  to  be  one  of  the  best  choices  for 
synthesizing  high-performance  electrode  materials  because  of  its 
many  advantages  such  as  homogeneity  and  purity  in  products,  low- 
temperature  synthesis,  easy  preparation  of  various  morphologies, 


low  cost  and  convenient  implement,  and  creation  of  very  fine 
powders  with  high  specific  surface  [31  .  Note  that  the  chelating 
agents  play  a  vitally  important  role  in  the  sol-gel  process,  the 
addition  of  chelating  agent  is  to  help  give  a  uniform  sol  solution, 
and  this  particular  merit  is  the  molecule  level  mixing  which  facil¬ 
itates  the  formation  of  homogeneous  crystalline  particles.  Also,  it  is 
well-known  that  the  particle  size,  pore  structure  and  specific  sur¬ 
face  area  of  electrode  materials  can  exert  a  great  influence  on  the 
electrochemical  properties,  hence,  it  is  significant  for  selecting  the 
suitable  chelating  agents  for  the  understanding  of  the  effect  of 
chelating  agents  on  the  electrochemical  properties  of  electrode 
materials. 

In  this  work,  spinel  NiCo204  samples  were  prepared  by  a  facile 
sol-gel  method  using  three  chelating  agents,  namely  citric  acid 
(CA),  oxalic  acid  (OA)  and  ethylenediamine  tetraacetic  acid  (EDTA). 
XRD,  TGA,  IR,  HRTEM,  SAED  and  BET  were  utilized  to  characterize 
the  as-obtained  samples.  The  effect  of  different  chelating  agents  on 
the  electrochemical  properties  of  the  NiCo204  was,  for  the  first 
time,  investigated.  As  far  as  we  are  aware,  no  literature  has  been 
reported  to  investigate  the  effect  of  various  chelating  agents  on  the 
physicochemical  and  electrochemical  properties  of  NiQ^CH  pre¬ 
pared  by  sol-gel  method.  The  electrochemical  performances  of  the 
as-prepared  NiCo204  were  measured  by  cyclic  voltammetry  (CV), 
galvanostatic  current  charge-discharge  and  electrochemical 
impedance  spectroscopy  (EIS),  reveal  that  they  exhibit  excellent 
electrochemical  properties.  Additionally,  first-principles  calcula¬ 
tions  were  used  to  investigate  the  electronic  structure  of  NiCo204 
for  further  understanding  its  observed  excellent  electrochemical 
behaviors.  This  work  demonstrates  that  through  the  tailoring/use 
of  different  chelating  agents  differing  electrochemical  properties/ 
response  of  the  fabricated  NiCo204  can  be  obtained.  Such  work  is 
highly  important  fundamentally  while  providing  a  facile,  cost- 
effective  and  high-performance  strategy  for  supercapacitor  elec¬ 
trode  applications. 

2.  Experiment  section 

2.1.  Materials  and  chemicals 

All  the  chemicals  used  in  the  experiments  were  analytical  grade 
and  were  used  without  further  purification.  Ni(Ac)2-4H20 
(analytical  grade)  was  purchased  from  Fengchuan  Chemical  Re¬ 
agent  Co.,  Ltd,  Tianjin.  Citric  acid  (analytical  grade),  ethylenedi¬ 
amine  tetraacetic  acid  (analytical  grade)  and  Co  (Ac)2-4H20 
(analytical  grade)  were  bought  from  Xilong  Chemical  Co.,  Ltd. 
Oxalic  acid  (analytical  grade)  was  obtained  from  the  Hengxing  Co., 
Ltd,  Tianjin.  All  solutions  were  prepared  with  distilled  water  of 
resistivity  not  less  than  18.2  MQ  cm  (Synergy  UV,  Millipore). 

2.2.  Preparation  ofNiCo2C>4 

2.2 A.  CA-assisted  sol-gel  method 

Ni  (Ac)2-4H20  (0.05  M)  and  Co  (Ac)2-4H20  (0.1  M)  were  first 
dissolved  in  distilled  water  (100  mL)  and  mixed  well  with  each 
other.  Citric  acid  solution  (0.3  M,  100  mL)  was  then  slowly  added  to 
the  mixed  solution  at  room  temperature  under  constant  magnetic 
stirring.  The  obtained  mixture  was  stirred  overnight  and  then  the 
solution  was  evaporated  at  80  °C  until  the  gel  was  formed.  The  gel 
was  subsequently  dried  and  ground  to  obtain  the  precursor  pow¬ 
der.  Finally,  the  precursor  powder  was  further  annealed  at  375  °C 
for  2  h  in  air. 

2.2.2.  OA-assisted  sol-gel  method 

Firstly,  Ni  (Ac)2-4H20  (0.05  M)  and  Co(Ac)2-4H20  (0.1  M)  were 
dissolved  in  distilled  water  (100  mL)  and  mixed  well  with  each 
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other.  Then,  an  ethanol  solution  of  oxalic  acid  (0.15  M,  100  mL)  was 
slowly  added  to  the  mixed  solution  at  room  temperature  under 
constant  magnetic  stirring.  The  obtained  mixture  was  stirred 
overnight  and  then  the  solution  was  evaporated  at  80  °C  until  the 
gel  was  formed.  Subsequently,  the  gel  was  dried  and  ground  to 
obtain  the  precursor  powder.  Lastly,  the  precursor  powder  was 
further  annealed  at  320  °C  for  2  h  in  air. 

2.2.3.  EDTA-assisted  sol-gel  method 

Ni  (Ac)2-4H20  (0.05  M)  and  Co(Ac)2-4H20  (0.1  M)  were  first 
dissolved  in  distilled  water  (100  mL)  and  mixed  well  with  each 
other.  Meanwhile,  EDTA  (0.15  M)  was  dissolved  in  distilled  water 
(100  mL),  and  the  ammonia  was  added  dropwise  to  maintain  the 
constant  pH  at  6.5.  Then,  the  former  mixed  solution  was  slowly 
added  to  the  EDTA  ammonium  solution  at  room  temperature  under 
constant  magnetic  stirring  and  the  constant  pH  =  6.5  was  main¬ 
tained  via  dropwise  addition  of  ammonia  during  this  process.  The 
obtained  mixture  was  stirred  overnight  and  then  the  solution  was 
evaporated  at  80  °C  until  the  gel  was  formed.  The  gel  was  subse¬ 
quently  dried  and  ground  to  obtain  the  precursor  powder.  Finally, 
the  precursor  powder  was  further  annealed  at  400  °C  for  2  h  in  air. 

2.3.  Materials  characterization 

The  X-ray  diffraction  (XRD)  patterns  of  the  samples  were  ob¬ 
tained  on  a  RigakuD/max  2550  VB+  18  kW  X-ray  diffractometer 
with  Cu  Ka  radiation  at  a  scanning  rate  of  0.1°  2  0  s-1.  Transmission 
electron  microscopy  (TEM,  JEM-2100F),  High  resolution  trans¬ 
mission  electron  microscopy  (HRTEM,  JEM-2100F)  and  the  corre¬ 
sponding  selected  area  electron  diffraction  (SAED)  were  used  to 
characterize  the  morphology  and  structure  of  the  samples.  The 
chemical  structure  of  the  samples  was  examined  by  using  the 
Fourier  transform  infrared  spectrophotometer  (FT-IR,  AVTATAR, 
370)  in  the  frequency  range  from  400  cm-1 -4000  cm-1  with  KBr  as 
a  reference.  Thermogravimetric  analysis  (TGA)  data  were  collected 
on  a  thermal  analysis  instrument  (NETZSCH  STA449F3)  at  a  heating 
rate  of  10  °C  min-1  from  room  temperature  to  800  °C  in  air.  The 
Brunauer-Emmett-Teller  (BET,  BELSORP-MINIII)  specific  surface 
area  was  obtained  from  the  N2  adsorption/desorption  isotherm 
recorded  at  77  I<  and  the  pore  size  distribution  was  evaluated  by 
using  the  Barrett-Joyner-Halenda  (BJH)  model. 

2.4.  Electrochemical  characterization 

The  working  electrodes  were  fabricated  by  first  mixing  NiCo204, 
acetylene  black,  and  polyvinylidene  difluoride  (PVDF)  with  a 
weight  ratio  of  70:20:10  and  the  prepared  mixture  were  then 
pressed  onto  a  foam  nickel  under  a  pressure  of  10  MPa  for  30  s.  The 
loading  mass  of  the  electroactive  materials  was  around 
1.0  mg  cm”2.  When  used  as  a  current  collector,  foam  nickel  was  first 
immersed  in  0.1  M  HC1  solution  for  24  h,  and  then  rinsed  in  an 
ultrasonic  bath  respectively  with  acetone  and  ethanol  three  times. 
Finally,  it  was  dried  in  a  vacuum  oven  at  70  °C  for  10  h.  A  three 
electrode  system  consisted  of  the  fabricated  working  electrode, 
platinum  counter  electrode  and  Hg/HgO  reference  electrode  was 
employed  in  2  M  KOH  aqueous  solution.  All  measurements 
including  cyclic  voltammetry  (CV),  galvanostatic  current  char¬ 
ge-discharge  and  electrochemical  impedance  spectroscopy  (EIS) 
were  carried  out  on  a  Modulab  (Solartron  Analytical)  electro¬ 
chemical  workstation. 

2.5.  First  principle  calculations 

First-principles  calculations  were  carried  out  with  the  spin- 
polarized  Generalized  Gradient  Approximation  (GGA)  using  the 


Perdew-Burke-Ernzerh  (PBE)  of  exchange-correlation  parame¬ 
terization  to  Density  Functional  Theory  (DFT)  using  CASTEP  pro¬ 
gram.  A  plane-wave  basis  with  a  kinetic  energy  cutoff  was  300  eV. 
The  electronic  minimization  parameters  of  total  energy/atom 
convergence  tolerance  and  eigen-energy  convergence  were 
respectively  0.2  x  10”5  and  0.5385  x  10-6  eV.  The  density  mixing 
parameters  of  charge  density  mixing  amplitude,  cut-off  energy  for 
mixing  and  charge  density  mixing  g-vector  were  0.5000,  300.0  eV 
and  1.5001  A”1,  respectively. 

3.  Results  and  discussion 

XRD  technique  is  a  very  useful  tool  to  determine  the  phase, 
crystallinity  and  purity  of  samples  prepared  under  various  condi¬ 
tions.  Fig.  la  exhibits  the  XRD  patterns  of  as-prepared  NiCo204 
prepared  by  different  chelating  agents.  All  the  peaks  in  the  three 
patterns  match  the  calculated  pattern  (Fig.  lb)  very  well,  including 
the  peak  positions  and  intensities.  No  peaks  from  other  crystallized 
phases  have  been  detected,  which  is  consistent  with  the  TGA  and 
FT-IR  results,  showing  the  formation  of  pure  NiCo204  product  after 
low-temperature  annealing  treatment.  The  average  crystal  sizes  of 
NiCo204  prepared  by  CA,  OA  and  EDTA  assisted  sol-gel  method  are 
respectively  determined  to  be  16.6, 11.1  and  19.2  nm,  which  can  be 
calculated  by  using  the  following  Scherer's  formula  [32]: 

D  =  (0.89  x  A)/(0  x  cos  0)  (1) 

where  D  is  the  crystalline  size,  A  is  the  wavelength  of  X-rays  emitted 
from  the  target,  0  is  the  Bragg  diffraction  angle  of  the  diffraction 
peaks,  and  (3  is  the  full  width  at  half  maximum  (FWHM)  of  the 
diffraction  peak.  The  order  of  the  average  crystal  sizes  is 
(3)  >  (1)  >  (2),  which  can  be  interpreted  from  the  XRD  patterns  in 
which  the  width  of  the  diffraction  peak  is  narrower  and  the  shape 
of  peak  is  sharper.  The  crystal  sizes  are  further  confirmed  by  TEM 
and  HRTEM.  These  data  indicate  that  the  chelating  agents  have  a 
great  effect  on  obtaining  excellent  phase  purity,  crystal  size  and 
crystallinity  of  the  NiCo204,  thus  influencing  the  electrochemical 
properties  of  the  products.  Fig.  lc  and  d  manifests  the  crystallo¬ 
graphic  structure  of  cubic  phase  NiCo204  (space  group  Fd3m),  in 
which  the  Ni  atoms  occupy  the  octahedral  sites  and  the  Co  atoms 
are  distributed  over  both  octahedral  and  tetrahedral  sites  [33  . 

In  order  to  understand  the  weight  loss  with  the  temperature 
during  the  calcination  process  and  determine  the  calcination 
temperature  of  the  samples,  the  TGA  of  the  NiCo204  precursors 
prepared  by  CA,  OA  and  EDTA  was  performed,  as  demonstrated  in 
Fig.  2a-c.  The  TGA  curve  of  NiCo204  precursor  prepared  by  CA  is 
shown  in  Fig.  2a.  The  first  significant  weight  loss  occurs  between 
160  and  230  °C  followed  by  the  strong  endothermic  peak  at  about 
174  and  207  °C,  and  this  can  be  ascribed  to  the  loss  of  crystal  water 
from  the  metal  citrate  and  the  decomposition  of  metal  citrate 
complex  [34  .  The  second  weight  loss  occurs  between  330  and 
370  °C  with  the  strong  endothermic  peak  at  about  350  and  363  °C, 
which  can  be  attributed  to  the  complete  decomposition  of  the 
metal  precursor  and  the  formation  of  NiCo204.  Fig.  2b  manifests  the 
TGA  curve  of  NiCo204  precursor  prepared  by  OA.  The  first  obvious 
weight  loss  occurs  in  the  temperature  range  of  170-210  °C  fol¬ 
lowed  by  an  endothermic  peak  at  200  °C,  which  is  ascribed  to  the 
loss  of  crystal  water.  In  the  second  temperature  range  of 
280-314  °C,  the  sharp  weight  loss  with  a  strong  endothermic  peak 
at  about  302  °C  indicates  the  decomposition  of  the  metal  oxalate 
and  the  formation  of  NiCo204.  As  displayed  in  Fig.  3c,  the  TGA  curve 
ofNiCo204  precursor  prepared  by  EDTA  is  presented.  The  curve  also 
shows  two  steps  of  weight  loss.  The  first  weight  loss  (before  200  °C) 
can  be  attributed  to  the  removal  of  absorbed  and  crystal  water,  and 
the  second  distinct  weight  loss  in  the  temperature  range  of 
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Fig.  1.  (a)  Experimental  XRD  patterns  of  NiCo204  prepared  by  different  chelating  agents:  (1)  CA;  (2)  OA;  (3)  EDTA.  (b)  XRD  patterns  generated  from  first-principles  calculations  of 
NiCo204.  (c,  d)  Crystal  structure  of  spinel  NiCc>204. 


265-395  °C  can  be  ascribed  to  the  decomposition  of  the  metal 
precursor  and  the  burnout  of  organics.  When  the  temperature  is 
close  to  400  °C,  the  speed  of  weight  loss  is  very  slow  and  the  weight 
remains  constant  regardless  of  further  temperature  increment, 
suggesting  the  formation  of  NiCo204  crystal.  From  the  TGA  analysis, 
we  can  determine  the  calcination  temperature  of  the  samples 
required  for  the  formation  of  spinel  NiCo204  is  respectively  375, 
320  and  400  °C  for  CA,  OA  and  EDTA,  and  the  difference  of  calci¬ 
nation  temperature  is  due  to  the  use  of  the  various  chelating  agents, 
which  is  elucidated  in  later  analysis. 

FT-IR  spectra  were  used  to  investigate  the  structural  molec¬ 
ular  changes  and  confirm  the  formation  of  NiCo204  after 
annealing.  The  FT-IR  spectra  of  NiCo204  precursor  and  NiCo204 
prepared  by  CA  are  shown  in  Fig.  2d.  The  peaks  at  around  3426 
and  1625  cm-1  are  respectively  corresponding  to  -OH  stretching 
and  bending  modes  of  absorbed  water  molecules,  and  the  peak 
at  1726  cm-1  is  attributed  to  C=0  stretching  vibration  of  the 
carboxyl  group.  Furthermore,  the  peaks  at  around  1401, 1220  and 
1077  cm-1  are  respectively  corresponding  to  -OH  bending  vi¬ 
bration  in  COOH,  C-O-C  and  C-0  stretching  vibration  due  to  the 
presence  of  citric  acid  molecules.  It  is  evident  from  the  IR  anal¬ 
ysis  of  the  precursor  that  the  peaks  assigned  to  citric  acid  mol¬ 
ecules  disappear  after  annealing.  The  spectrum  exhibits  the 
characteristic  absorption  peaks  of  metal-oxygen  vibrations  at 
656  and  563  cm-1  [23,35  .  The  broad  peak  at  3426  cm-1  and  the 
weak  peak  at  1625  cm'1  are  due  to  adsorbed  water.  As  demon¬ 
strated  in  Fig.  2e  and  f,  it  is  not  surprising  to  see  that  a  large 


number  of  characteristic  FT-IR  absorption  peaks  which  are 
evident  in  NiCo204  precursors  prepared  by  OA  and  EDTA  are 
absent  in  the  annealed  samples.  The  NiCo204  prepared  by  OA  and 
EDTA  demonstrate  almost  the  same  FT-IR  spectra  as  that  of 
NiCo204  prepared  by  CA,  which  is  the  same  as  that  reported  by  N. 
S.  Chaubal  [36]. 

To  investigate  the  morphology,  nanoparticle  size  and  crystalline 
characteristics  of  NiCo204,  TEM,  HRTEM  and  the  corresponding 
SAED  studies  (Fig.  3)  were  performed.  Fig.  3a  and  b  shows  the  TEM 
and  HRTEM  images  of  NiCo204  prepared  by  CA,  and  the  NiCo204  is 
composed  of  lots  of  uniform  nanoparticles  with  a  size  distribution 
of  10-20  nm,  which  is  consistent  with  the  result  obtained  from  the 
XRD  analysis.  The  inset  in  Fig.  3a  is  the  corresponding  SAED  pattern, 
which  reveals  the  polycrystalline  nature  of  the  NiCo204  nano¬ 
particles.  Fig.  3c  exhibits  a  HRTEM  image  of  the  NiCo204  nano¬ 
particles,  and  the  observed  interplanar  spacing  is  measured  to  be 
0.29  nm,  which  matches  well  with  the  (220)  lattice  plane  of 
NiCo204.  Fig.  3d-f  shows  the  TEM,  HRTEM  images  and  the  corre¬ 
sponding  SAED  pattern  of  NiCo204  prepared  by  OA.  Fig.  3d  and  e 
exhibit  that  NiCo204  consists  of  many  tiny  uniform  nanoparticles 
with  a  size  range  of  8-12  nm,  which  is  the  same  as  the  result  ob¬ 
tained  from  the  XRD  analysis.  The  tiny  nanoparticles  of  NiCo204 
indicate  the  high  specific  surface  area,  which  is  beneficial  for  the 
enhancement  of  the  pseudocapacitance  of  active  materials  [37]. 
Additionally,  the  SAED  pattern  is  shown  in  Fig.  3d,  which  suggests 
the  polycrystalline  nature  of  NiCo204  nanoparticles.  The  inter¬ 
planar  spacing  is  0.29  nm,  which  is  in  an  excellent  agreement  with 
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Fig.  2.  TGA  curves  of  the  NiCo204  precursors  prepared  by  different  chelating  agents:  (a)  Citric  acid;  (b)  Oxalic  acid;  (c)  EDTA.  FT-IR  spectra  of  NiCo204  precursors  prepared  by  different  chelating  agents:  (d)CAl;  (e)0A3;  (f)EDTA5and 
NiCo204  prepared  by  different  chelating  agents:  (d)  CA  2;  (e)  OA  4;  (f)  EDTA  6. 
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Fig.  3.  TEM  images  of  NiCo204  prepared  by  different  chelating  agents:  (a)  CA;  (d)  OA;  (g)  EDTA;  inset:  corresponding  SAED  patterns.  HRTEM  images  of  NiCo204  prepared  by  different 
chelating  agents:  (b  and  c)  CA;  (e  and  f)  OA;  (h  and  i)  EDTA. 


the  (220)  lattice  plane  of  NiCo204.  Fig.  3g-i  displays  the  TEM, 
HRTEM  images  and  the  corresponding  SAED  pattern  of  the  NiCo204 
prepared  by  EDTA.  Fig.  3g  and  h  manifest  that  NiCo204  consists  of 
many  nanoparticles  with  a  size  range  of  15-25  nm,  and  the 
observed  result  is  the  same  as  the  XRD  analysis.  The  inset  in  Fig.  3g 
is  the  SAED  pattern,  indicating  the  polycrystalline  nature  of 
NiCo204  nanoparticles.  The  observed  interplanar  spacings  from  the 
HRTEM  image  (Fig.  3i)  are  measured  to  be  0.29  and  0.47  nm,  which 
match  well  with  the  (220)  and  (111)  lattice  planes  of  NiCo204.  From 
the  comparison  of  TEM  images  for  three  samples,  we  can  clearly 
observe  the  difference,  especially  for  the  particle  sizes,  resulting  in 
the  differing  of  pore  structure  and  specific  surface  area,  which  is 
further  confirmed  by  the  following  BET  measurement.  The  differ¬ 
ence  of  TEM  images  can  be  mainly  due  to  the  use  of  the  various 
chelating  agents. 

The  BET  specific  surface  areas  of  the  NiCo204  prepared  by  sol- 
-gel  method  with  different  chelating  agents  are  determined  by  N2 
adsorption-desorption  isotherms  at  77  K,  and  the  corresponding 
pore  size  distributions  are  calculated  by  Barrett-Joyner-Halenda 
(BJH)  method,  as  displayed  in  Fig.  4.  Important  structural  parame¬ 
ters  are  derived  from  the  isotherms  and  tabulated  in  Table  1.  All  the 
samples  exhibit  a  hysteresis  loop  and  the  BET  specific  surface  areas 
of  the  NiCo204  prepared  by  CA,  OA  and  EDTA  are  calculated  to  be 
37.41,  61.149  and  20.048  m2  g-1,  respectively.  The  pore  size 


distributions  of  the  samples  are  shown  in  inset  of  Fig.  4.  Fig  4a  gives 
the  main  mesoporous  structure  of  the  NiCo204  (CA)  with  a  narrow 
and  ordered  pore-size  distribution  at  -5.29  nm,  and  the  pore  vol¬ 
ume  is  calculated  as  0.1142  cm3  g-1.  As  shown  in  Fig.  4b,  the 
NiCo204  (OA)  manifests  a  sharp  peak  at  -1.88  nm  and  wide  peaks  at 
10.6  and  19.0  nm,  which  indicates  that  the  pores  of  the  NiCo204 
consist  of  a  large  number  of  micropores  and  mesopores,  and  the 
pore  volume  is  up  to  0.2387  cm3  g^1.  Such  a  pore  structure  is 
particularly  favorable  for  supercapacitors  because  this  type  of 
structure  with  a  high  surface  area  and  a  large  pore  volume  can 
facilitate  the  electrolyte  ion  diffusion  and  charge  transfer,  and  thus 
provide  more  electroactive  sites  for  energy  storage.  The  NiCo204 
(EDTA)  exhibits  the  main  mesoporous  structure  with  a  narrow 
pore-size  distribution  at  2.4  and  6.0  nm  and  a  wide  pore-size  dis¬ 
tribution  at  16.3  and  25.8  nm  (Fig.  4c),  and  the  pore  volume  is 
0.1389  cm3  g_1.  This  feature  is  of  huge  benefits  for  the  transport  and 
diffusion  of  electrolyte  ions  during  the  charge-discharge  process  in 
supercapacitors.  Note  that  all  N2  isotherms  exhibit  an  obvious 
volume  increase  at  relative  pressure  range  of  0.85-1.0,  and  a 
certain  number  of  macropores  can  be  observed  from  the  BJH  pore 
size  distribution  curves.  Moreover,  we  can  see  that  the  quantity  of 
macropores  for  NiCo204  (EDTA)  is  greater  than  NiCo204  (CA)  and 
NiCo204  (OA).  Due  to  the  differences  of  BET  specific  surface  area, 
pore  volume  and  pore  size  distribution,  it  is  reasonable  to  speculate 
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Fig.  4.  Nitrogen  adsorption  and  desorption  isotherms  of  the  NiCo204  prepared  by 
different  chelating  agents:  (a)  CA;  (b)  OA;  (c)  EDTA.  The  insets  show  the  corresponding 
BJH  pore  size  distributions. 

that  the  NiCc>204  prepared  by  sol-gel  method  with  different 
chelating  agents  will  display  different  electrochemical 
performances. 

To  evaluate  the  properties  of  the  NiCo204  electrodes  prepared 
by  sol-gel  method  with  different  chelating  agents  as  super¬ 
capacitor  electrodes,  the  detailed  measurements  and  the  compar¬ 
ison  of  the  electrochemical  performances  are  presented  in  Figs.  5 


Table  1 

Structural  parameters  of  spinel  NiCo204  prepared  by  different  chelating  agents. 


Samples 

BET  specific  surface 
area  (m2  g  :) 

BJH  pore  volume 
(cm3  g”1) 

BJH  pore  size 
(nm) 

NiCo204  (CA) 

37.41 

0.1142 

5.29 

NiCo204(OA) 

61.149 

0.2387 

1.88 

NiCo204  (EDTA) 

20.048 

0.1389 

16.3 

and  6,  which  exhibit  the  cyclic  voltammetry  (CV),  galvanostatic 
current  charge-discharge,  cycling  stability  and  electrochemical 
impedance  spectroscopy  (EIS). 

Fig.  5a-c  display  CV  measurements  for  the  NiCo204  electrodes 
prepared  by  CA,  OA  and  EDTA,  respectively.  The  CV  was  measured 
in  2  M  KOFI  solution  at  potential  intervals  from  0  to  0.55  V  at 
scanning  rates  of  5-100  mV  s-1.  The  shapes  of  the  CV  curves  clearly 
exhibit  the  pseudocapacitive  behavior  caused  by  electrochemical 
reactions.  The  redox  peaks  of  the  NiCo204  electrodes  originate 
mainly  from  the  Faradaic  reactions  occurred  in  the  electrode  ma¬ 
terials  and  the  redox  reactions  in  the  alkaline  electrolyte  have  two 
steps,  which  respectively  correspond  to  the  reversible  reactions  of 
Ni2+/Ni3+  and  Co3+/Co4+  transitions  associated  with  anions  OH-. 
The  redox  reactions  in  the  alkaline  electrolyte  are  based  on  the 
following  equations: 

NiCo204  +  OH"  +  H20~Ni00H  +  2CoOOH  +  e"  (2) 

CoOOH  +  OH"  ~Co02+H20  +  e"  (3) 

The  oxidation  peak  potential  of  Ni2+/Ni3+  and  Co3+/Co4+  tran¬ 
sition  at  a  scan  rate  of  10  mV  s-1  is  respectively  0.51  V  (1  M  KOH, 
Hg/HgO)  [38]  and  0.515  V  (1  M  KOH,  Hg/HgO)  [39]  as  reported  in 
the  literature,  which  can  explain  why  only  a  pair  of  redox  peaks 
from  the  CV  curves  is  actually  observed.  This  is  because  the  redox 
potential  of  Ni2+/Ni3+  and  Co3+/Co4+  transitions  is  so  close  that  it  is 
difficult  to  tell  them  apart.  As  can  be  seen  from  the  CV  curves,  the 
oxidation  peak  potential  is  0.49  V  (2  M  KOH,  Hg/HgO),  which  is 
close  to  the  value  of  the  literature.  In  addition,  we  can  clearly 
observe  that  the  position  of  the  anodic  and  cathodic  peaks  shifts 
slightly  with  the  20-fold  increase  of  the  scan  rate  from  5  to 
100  mV  s-1  as  displayed  in  Fig.  5a-c,  indicating  a  relatively  low 
resistance  of  the  electrode  and  good  electrochemical  reversibility 
[40].  Fig.  5d  shows  the  comparison  of  the  CV  curves  of  the  NiCo204 
electrodes  prepared  by  CA,  OA  and  EDTA  at  a  scan  rate  of  50  mV  s-1, 
from  which  we  can  learn  that  the  order  of  the  area  under  the  CV 
curve  of  the  NiCo204  electrodes  prepared  by  different  chelating 
agents  is  OA  >  CA  >  EDTA.  It  is  well-known  that  the  specific 
capacitance  is  proportional  to  the  area  of  the  CV  curve  [41  . 
Therefore,  the  order  of  the  specific  capacitance  of  the  NiCo204 
electrodes  prepared  by  different  chelating  agents  is 
OA  >  CA  >  EDTA,  which  can  be  further  verified  by  the  following 
charge-discharge  measurements. 

Fig.  5e-g  respectively  manifest  the  galvanostatic  discharge 
curves  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at 
various  current  densities  with  a  potential  range  of  0-0.5  V.  The 
nonlinear  discharge  curves  and  the  voltage  plateaus  match  well 
with  the  peaks  observed  from  the  CV  curves,  which  further  verifies 
the  pseudocapacitance  behavior  of  the  NiCo204  electrodes.  The 
specific  capacitance  of  the  NiCo204  electrodes  can  be  calculated  by 
using  the  following  formula  [42]: 

Cm  =  (/  x  At)/(AV  x  m)  (4) 

where  Cm  (F  g-1)  is  the  specific  capacitance  of  a  single  electrode,  I 
(A)  is  the  discharging  current,  At  (s)  is  the  discharging  time,  AV  (V) 
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Fig.  5.  (a-c)  CV  curves  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at  various  scan  rates.(d)  Comparison  of  CV  curves  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at  a  scan  rate  of  50  mV  s_1.  (e-g)  Galvanostatic 
discharge  curves  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at  various  current  densities,  (h)  Comparison  of  galvanostatic  charge  and  discharge  curves  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at  a  current 
density  of  2  A  g_1.  (i)  Comparison  of  the  specific  capacitance  change  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  as  a  function  of  current  density. 
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Fig.  6.  (a)  Comparison  of  the  cycling  stability  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at  a  current  density  of  2  A  g  1.  (b)  Comparison  of  Nyquist  impedance  plots  of 
the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA,  and  the  inset  shows  a  magnification  of  the  high-frequency  region  of  the  impedance  spectra. 


is  the  potential  drop  during  discharge,  and  m  (g)  is  the  mass  of 
active  materials.  The  specific  capacitances  of  the  NiCo204  elec¬ 
trodes  prepared  by  CA,  OA  and  EDTA  are  summarized  in  fable  2.  The 
specific  capacitance  of  the  NiCo204  prepared  by  CA  is  calculated  to 
be  575,  521,  500, 470, 372,  and  280  F  g'1  at  current  densities  of  1,  2, 
3,  5,  10,  and  20  A  g-1,  and  the  capacity  retention  rate  (compared 
with  1  A  g'1)  is  64.7%  and  48.7%  at  current  densities  of  10  and 
20  A  g-1,  respectively.  Compared  to  the  NiCo204  electrode  prepared 
by  CA  shown  in  Fig.  5h  and  i,  the  NiCo204  electrode  prepared  by  OA 
manifests  higher  capacitance  and  better  rate  capability,  which  is  in 
agreement  with  the  result  of  the  CV  curves.  The  specific  capacitance 
is  calculated  to  be  706,  632,  601,  553,  464,  and  382  F  g_1  at  current 
densities  of  1,  2,  3,  5, 10,  and  20  A  g_1,  and  the  capacity  retention 
rate  (compared  with  1  A  g_1)  is  respectively  up  to  65.7%  and  54.1% 
at  current  densities  of  10  and  20  A  g_1  ( Table  3).  This  is  due  to  the 
higher  BET  specific  surface  area  and  larger  pore  volume,  which 
increase  electrolyte/electrode  contact  areas  and  hence  provide 
more  active  sites  for  fast  faradaic  redox  reactions,  as  is  mentioned 
above.  As  for  the  NiCo204  electrode  prepared  by  EDTA,  the  specific 
capacitance  is  calculated  to  be  453,  419,  392,  360,  320,  and 
256  F  g”1  at  current  densities  of  1,  2,  3,  5,  10,  and  20  A  g-1, 
respectively.  Although  the  specific  capacitance  of  the  NiCo204 
electrode  prepared  by  EDTA  is  relatively  lower  than  that  of  NiCo204 
electrodes  prepared  by  CA  and  OA,  the  capacity  retention  rate 
(compared  with  1  A  g'1)  is  the  highest  among  them,  and  it  is 
respectively  up  to  70.6%  and  56.5%  at  current  densities  of  10  and 
20  A  g-1  ( Table  3).  This  is  probably  ascribed  to  this  unique  meso- 
porous  structure  with  a  relatively  larger  pore  size,  which  can  serve 
as  the  ion-buffering  reservoirs  for  OH-1  ions  to  minimize  the 
diffusion  distance  to  the  interior  surfaces  and  accelerate  the  kinetic 
process  of  OH-1  ions  diffusion  in  the  electrode,  thus  enhancing  the 
electrochemical  kinetics  [43  . 

To  evaluate  the  cycling  stability  of  the  NiCo204  electrodes  pre¬ 
pared  by  CA,  OA  and  EDTA,  the  tests  were  conducted  at  a  constant 


current  density  of  2  A  g-1  in  the  potential  range  of  0-0.5  V  in  2  M 
KOH  solution  for  1000  cycles.  As  shown  in  Fig.  6a,  the  specific 
capacitance  of  all  the  three  samples  increases  at  first,  instead  of 
decreasing  as  in  most  cycling  stability  tests  in  the  literature,  and 
then  decreases  with  cycling  numbers.  This  is  ascribed  to  the 
cycling-induced  improvement  in  the  surface  wetting  of  the  elec¬ 
trode,  leading  to  more  electroactive  surface  areas.  Similar  phe¬ 
nomena  have  also  been  reported  by  other  groups  [22,28  .  Also  we 
note  that  it  is  different  from  the  results  reported  by  Hu  et  al.  [44,45] 
where  they  conclude  that  the  NiCo204  particle  size  has  a  great  ef¬ 
fect  on  the  cycling  activation  time,  and  the  larger  size  of  NiQ^CH 
crystals  are,  the  longer  electrochemical  activation  time  is  needed.  In 
our  case,  the  specific  capacitance  of  the  NiCo204  electrode  prepared 
by  CA  reaches  a  maximum  value  of  678  F  g_1  at  a  cycle  number  of 
250  and  still  maintains  at  a  high  value  of 448  F  g_1  after  1000  cycles 
(retaining  86%  of  its  initial  capacitance  and  66.1%  of  its  activated 
maximum  capacitance).  Whereas,  it  is  noted  that  the  specific 
capacitance  of  the  NiCo204  electrode  prepared  by  OA  reaches  an 
ultrahigh  value  of  1254  F  g-1  at  a  cycle  number  of  300  and  still 
maintains  even  at  a  high  value  of  882  F  g-1  after  1000  cycles 
(retaining  139.6%  of  its  initial  capacitance  and  70.4%  of  its  activated 
maximum  capacitance).  As  for  the  NiCo204  electrode  prepared  by 
EDTA,  the  specific  capacitance  reaches  a  maximum  value  of 
576  F  g-1  at  a  cycle  number  of  50  and  still  maintains  even  at  a  high 
value  of  500  F  g'1  after  1000  cycles  (retaining  119.3%  of  its  initial 
capacitance  and  86.8%  of  its  activated  maximum  capacitance).  From 
the  comparison  of  the  cycling  stability  of  the  NiCx^CH  electrodes 
prepared  by  CA,  OA  and  EDTA,  it  is  not  hard  to  observe  that  the 
NiCo204  electrode  prepared  by  OA  needs  more  cycling  numbers  to 
reach  the  maximum  specific  capacitance,  and  this  is  because  the 
smaller  pore  size  of  the  NiCo204  electrode  prepared  by  OA  needs 
longer  time  to  reach  the  complete  activation.  Additionally,  we  can 
clearly  see  that  the  NiCo204  electrodes  prepared  by  EDTA  and  OA 
have  better  cycling  stability  in  comparison  with  the  NiCo204 


Table  2 

The  initial  specific  capacitance  and  activated  maximum  specific  capacitance  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at  current  densities  of  1—20  A  g  1  and 
2  A  g  \  respectively. 


Samples 

Initial  specific  capacitance  (F  g 

’) 

Activated  maximum  specific 

1  A  g  1 

2Ag-' 

3Ag-’ 

5  Ag-1 

10  Ag  1 

20  A  g^1 

capacitance  (F  g  ])2  Ag  1 

NiCo204  (CA) 

575 

521 

500 

470 

372 

280 

678 

NiCo204  (OA) 

706 

632 

601 

553 

464 

382 

1254 

NiCo204  (EDTA) 

453 

419 

392 

360 

320 

256 

576 
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Table  3 

The  rate  capacity  retention  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA 
at  current  densities  of  10  A  g  1  and  20  A  g'1  (compared  with  1  A  g-1),  and  the 
cycling  capacity  retention  of  the  NiCo204  electrodes  prepared  by  CA,  OA  and  EDTA  at 
a  current  density  of  2  A  g-1  for  1000  cycles  (compared  with  the  initial  specific 
capacitance  and  activated  maximum  specific  capacitance). 


Samples 

Rate  capacity 
retention  (%) 

Cycling  capacity  retention  (%) 

10  Ag  1 

20  A  g  1 

Initial  specific 
capacitance 

Activated  maximum 
specific  capacitance 

NiCo204  (CA) 

64.7 

48.7 

86.0 

66.1 

NiCo204  (OA) 

65.7 

54.1 

139.6 

70.4 

NiCo204  (EDTA) 

70.6 

56.5 

119.4 

86.8 

electrode  prepared  by  CA.  The  superior  cycling  stability  can  prob¬ 
ably  be  attributed  to  the  differences  in  the  pore  structures.  The 
mesoporous  structure  with  the  larger  pore  size  and  pore  volume  is 
reckoned  to  alleviate  the  volume  changes  during  OH-1  ions  inser¬ 
tion/extraction  processes  while  cycling.  Therefore,  the  selection  of 
chelating  agents  is  a  particularly  key  factor  in  determining  the 
performance  of  the  electrode  materials. 

EIS  was  performed  by  using  2  M  KOH  as  an  electrolyte  to  further 
evaluate  the  electrochemical  performance,  and  the  EIS  data  were 
analyzed  by  using  Nyquist  plots.  Nyquist  plots  of  the  NiCo204 
electrodes  prepared  by  CA,  OA  and  EDTA  in  the  frequency  range 
(100  kHz-0.1  Hz)  are  displayed  in  Fig.  6b.  In  the  high  frequency 
region,  the  real  axis  intercept  represents  the  internal  resistance, 
including  the  sum  of  the  contact  resistance  of  the  interface  be¬ 
tween  active  material  and  current  collector,  the  intrinsic  resistance 
of  the  active  material  and  the  ionic  resistance  of  the  electrolyte,  and 
the  semicircle  corresponds  to  the  charge  transfer  resistance  46  .  In 
Nyquist  plots,  all  the  three  types  of  NiCo204  electrodes  manifest  a 
small  real  axis  intercept  and  negligible  semicircle.  This  indicates  the 
low  interfacial  resistance  between  current  collector  and  active 
material,  active  material  resistance  and  electrolyte  resistance,  as 
well  as  low  charge  transfer  resistance.  This  is  mainly  due  to  the  high 
electrical  conductivity  of  NiCo204,  which  is  in  agreement  with  the 
CV  analysis.  Also,  this  is  further  confirmed  by  the  result  obtained 
from  the  first-principles  calculations.  Obviously,  we  can  observe 
from  Fig.  7b  that  the  NiCo204  electrode  prepared  by  EDTA  shows 
lower  internal  resistance  and  charge  transfer  resistance  than  the 
NiCo204  electrodes  prepared  by  CA  and  OA,  which  can  explain  why 
the  NiCo204  prepared  by  EDTA  remains  better  rate  capability  than 
the  NiCo204  prepared  by  CA  and  OA  due  to  the  fact  that  the  resis¬ 
tance  is  an  important  factor  in  determining  the  rate  performance 
for  supercapacitor  electrode  materials  [47].  In  the  low  frequency 
region,  the  straight  line  represents  the  diffusive  resistance  of  the 
electrolyte  ions  in  host  materials.  The  Nyquist  plot  is  a  vertical  line 
for  an  ideal  electrode  material.  The  more  vertical  the  line  is,  the 
better  the  capacitive  behavior  is  [48  .  Compared  with  the  NiCo204 
electrodes  prepared  by  CA  and  OA,  the  NiCo204  electrode  prepared 
by  EDTA  manifests  a  more  vertical  line  leaning  to  imaginary  axis 
more  than  45°  at  a  low  frequency  region,  suggesting  the  more  facile 
electrolyte  ions  diffusion  to  the  active  material  and  more  ideal 
capacitor  behavior  due  to  its  unique  mesoporous  structure,  which 
further  verifies  that  the  NiCo204  electrode  prepared  by  EDTA  can 
remain  superior  rate  capability  and  cycling  stability  compared  to 
the  NiCo204  electrodes  prepared  by  CA  and  OA. 

The  high  electrical  conductivity  of  the  NiCo204  as  mentioned 
above  was  confirmed  by  using  the  first-principles  calculations 
based  on  the  density  functional  theory  to  investigate  its  electronic 
structures.  According  to  the  reported  literature  [49  ,  NiCo204  has  a 
much  higher  electrical  conductivity  than  C03O4,  and  Ni  doping 
improves  the  electrical  conductivity  from  0.31  x  10-4  S  cm-1  for 
C03O4  to  0.12  S  cm'1  for  NiCo204.  In  order  to  compare  the  electrical 


conductivity  of  C03O4  and  NiQ^CH,  the  band  structures  and  density 
of  states  of  C03O4  and  NiQ^CH  were  investigated,  as  illustrated  in 
Fig.  7.  From  Fig.  7a  and  b,  it  is  clearly  seen  that  the  band  structures 
of  C03O4  and  NiCo204  show  the  obvious  differences  after  substi¬ 
tution  of  Co2+  with  Ni2+  in  C03O4.  The  calculated  band  gaps  of 
C03O4  and  NiCo204  from  Fig.  7c  are  1.1026  and  0.2462  eV,  respec¬ 
tively.  It  is  well-known  that  the  lower  band  gap  means  the  higher 
electrical  conductivity  50].  Thus,  NiQ^CH  exhibits  higher  electrical 
conductivity  than  C03O4  via  substitution  of  Co2+  with  Ni2+  in 
C03O4.  In  addition,  the  apparent  differences  of  density  of  states  near 
Fermi  surface  for  C03O4  and  NiQ^CH  can  be  clearly  observed  in 
Fig.  7d.  The  value  of  density  of  states  near  Fermi  surface  for  NiCo204 
(17.0  electrons  eV^1)  is  far  higher  than  C03O4  (0.28  electrons  eV-1). 
According  to  quantum  theory,  only  electrons  near  the  Fermi  level 
can  contribute  to  current  in  the  external  electric  field,  and  hence 
the  electrical  conductivity  of  material  is  proportional  to  the  elec¬ 
trons  occupied  in  the  Fermi  level  [51  .  Therefore,  the  electrical 
conductivity  of  Ni-substituted  Co304  (NiCo204)  is  greatly  improved. 
Such  a  huge  increase  of  the  electrical  conductivity  of  NiCx^CH  can 
reasonably  explain  its  low  resistance,  and  thus  greatly  enhance  its 
supercapacitive  performances,  which  can  be  further  verified  from 
the  comparison  of  electrochemical  performances  of  C03O4  and 
NiCo204  reported  in  the  literature  [37,52]. 

From  the  above  discussion  we  can  conclude  that  chelating 
agents  play  an  important  role  in  the  preparation  of  spinel  NiQ^CH 
nanoparticles.  To  further  understand  the  effect  of  chelating  agents 
on  the  electrochemical  properties,  a  synthesis  scheme  is  proposed 
in  Fig.  8.  In  this  process  of  sol-gel  synthesis,  it  can  be  divided  into 
two  steps.  The  first  step  is  that  these  chelating  agents  (citric  acid, 
oxalic  acid  or  EDTA)  bind  with  cations  (Ni2+  and  Co2+)  to  form  very 
stable  chelating  complexes  due  to  the  chelation  between  complex 
cations  and  a  hydroxycarboxylic  acid  [53  .  Adding  these  chelating 
agents  to  a  molecularly  mixed  solution  of  nickel  and  cobalt  ions  will 
result  in  an  immediate  and  strong  bonding  of  the  cations  with  the 
coordinating  centers  in  the  chelating  agents  to  form  micelles  in 
which  the  cations  are  trapped  in  an  organic  environment,  which 
hamper  selective  precipitation  of  the  cations  during  the  solvent 
evaporation.  After  prolonged  heating,  the  viscous  polymeric  mass 
gets  partially  carbonized,  providing  a  substrate  in  which  the  cations 
find  themselves  embedded.  The  second  step  is  that  the  chelating 
complexes  decompose  in  heating  and  air  condition  and  form  the 
spinel  NiCo204.  During  this  step,  the  chelating  agents  as  a  fuel  help 
to  progress  the  synthesis  at  relatively  low  temperatures  [54,55  .  In 
order  to  remove  the  chelating  agents  and  create  a  porous  structure, 
thermal  decomposition  was  further  conducted.  During  the  calci¬ 
nation,  the  released  heat  produced  from  carbonaceous  substrate 
during  the  combustion  brings  down  the  crystallization  tempera¬ 
ture  required  for  the  formation  of  nickel  cobalt  oxide  spinel,  and  the 
evolution  of  large  amounts  of  gasses  (such  as  CO,  CO2  and  water 
vapor)  during  the  oxidative  decomposition  of  carbonaceous  sub¬ 
strate  not  only  helps  to  disintegrate  the  large  agglomerated  parti¬ 
cles  with  each  other  and  form  the  porous  structure,  but  also  helps 
to  inhibit  the  sintering  of  the  nanosized  particles,  thus  a  finely 
divided,  porous  and  small-size  nanoparticles  can  be  obtained 
especially  at  lower  calcination  temperature. 

According  to  the  above  analysis,  the  differences  of  electro¬ 
chemical  performances  of  the  NiQ^CH  prepared  by  sol-gel  method 
with  different  chelating  agents  can  be  attributed  to  the  use  of 
different  chelating  agents.  The  chelating  agent  molecules  as  a 
chelating  ligand  interact  with  metallic  ions  to  form  stable  metal 
complex.  During  the  calcination,  due  to  the  difference  of  the 
combustion  heat  generated  from  the  decomposition  of  chelating 
agents,  the  crystallization  temperature  for  the  formation  of 
NiCo204  crystal  will  be  different,  thus  leading  to  the  differences  in 
the  size,  pore  structure  and  specific  surface  area  for  the  obtained 
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Fig.  7.  Total  band  structures  of  Co304  (a)  and  NiCo204  (b).  Comparison  of  frontier  band  structures  of  Co304  and  NiCo204  (c).  Comparison  of  density  of  states  of  Co304  and  NiCo204 
(d). 


nanoparticles.  To  summarize,  different  chelating  agents  used  in  the 
sol-gel  method  have  great  influences  upon  the  particle  size,  pore 
structure  and  specific  surface  area  of  the  spinel  NiQ^CH,  resulting 
in  the  differences  of  electrochemical  properties  as  analyzed  above. 


Ni(Ac)2-4H20 
Co(Ac)2-4H20 
Chelating  agent 


25”C  12  h 


80  *C  2-3  h 


•  Ni-Co  precursor 

Chelating  agent 

•  NiCo2Q4 


Fig.  8.  Synthesis  scheme  for  spinel  NiCo204. 


As  demonstrated  in  Table  4,  the  specific  capacitances  of  NiCo204 
of  our  present  work  and  other  studies  are  compared.  Hu  et  al.  [22] 
first  obtained  the  NiQ^CH  prepared  by  an  epoxide-driven  sol-gel 
process,  and  its  specific  capacitance  reached  an  ultrahigh  value  of 
1400  F  g_1  (0.4  mg  cm-2  loading).  More  recently,  Hu  et  al.  [56] 
developed  a  simple  and  scalable  process  for  synthesizing  NiCx^CH 
nanocrystals  through  a  thermal  decomposition  method,  which 
demonstrated  a  high  specific  capacitance  of  764  F  g-1  (0.5  mg  cm-2 
loading)  at  a  scan  rate  of  2  mV  s-1.  Lou  et  al.  [40  successfully  grew 
single-crystalline  nanoneedle  arrays  of  NiCo204  through  a  simple 
solution  together  with  a  post  annealing  treatment,  and  it  exhibited 
a  high  specific  capacitance  of  1118.6  F  g-1  at  a  current  density  of 
5.56  mA  cm-2.  The  NiQ^CH  nanotubes  were  prepared  by  a  single¬ 
spinneret  electrospinning  technique  followed  by  calcination  in  air 
reported  by  Li  et  al.  in  the  literature  [43]  and  the  obtained  nano¬ 
tubes  manifested  a  high  specific  capacitance  of  1647  F  g_1  at  a 
current  density  of  1  A  g-1.  Ma  et  al.  [28]  obtained  a  maximum 
specific  capacitance  of  671  F  g'1  for  NiQ^CH  nanoparticles  syn¬ 
thesized  by  coprecipitation  method  at  a  current  density  of  1  A  g  1 
at  0.6  mg  cm-2  loading  mass.  Yuan  et  al.  57]  reported  polymer- 
assisted  synthesis  of  network-like  NiQ^CH  framework  that 
demonstrated  a  specific  capacitance  of  587  F  g-1  at  a  current 
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Table  4 

Specific  capacitance  of  the  NiCo204  prepared  in  present  work  and  other  reports  in  previous  works.  Some  information  such  as  preparation  method  and  the  mass  loading  of 
active  material  is  included  for  better  comparison  among  the  different  samples. 


Sample 

Specific  capacitance 

Preparation  method 

Mass  loading  of  active  material 

Reference 

NiCo204  aerogels 

1400  F  g'1  at  a  scan  rate  of  25  mV  s'1 

Epoxide-driven  sol— gel  method 

0.4  mg  cm-2 

22 

NiCo204  nanocrystals 

764  F  g'1  at  a  scan  rate  of  2  mV  s'1 

Thermal  decomposition  method 

0.5  mg  cm-2 

56 

NiCo204  nanowires 

1118.6  F  g'1  at  a  current  density  of  5.56  mA  cm'2 

Solution  method 

/ 

40 

NiCo204  nanotubes 

1647  F  g'1  at  a  current  density  of  1  A  g'1 

Electrospinning  method 

/ 

41 

NiCo204  nanoparticles 

671  F  g  1  at  a  current  density  of  1  A  g'1 

Coprecipitation  method 

0.6  mg  cm-2 

28 

NiCo204  powders 

587  F  g  1  at  a  current  density  of  2  A  g'1 

Polymer-assisted  solution  method 

5  mg  cm'2 

57 

NiCo204  nanocrystals 

580  F  g'1  at  a  current  density  of  0.5  A  g  1 

Electrochemical  deposition 

/ 

30 

NiCo204  crystals 

217  F  g'1  at  a  current  density  of  1  mA  cm-2 

Sol— gel  method 

5.6  mg  cm  2 

27 

NiCo204  nanowires 

1284  F  g  1  at  a  current  density  of  2  A  g'1 

Hydrothermal  method 

/ 

29 

NiCo204  nanoparticles 

678  F  g'1  at  a  current  density  of  2  A  g'1 

Citric  acid  assisted  sol— gel  method 

1  mg  cm'2 

Present  work 

NiCo204  nanoparticles 

1254  F  g  1  at  a  current  density  of  2  A  g'1 

Oxalic  acid  assisted  sol— gel  method 

1  mg  cm'2 

Present  work 

NiCo204  nanoparticles 

576  F  g  1  at  a  current  density  of  2  A  g'1 

EDTA  assisted  sol— gel  method 

1  mg  cm'2 

Present  work 

density  of  2  A  g_1  at  5  mg  crrT2  loading  mass.  Gupta  et  al.  [30] 
explored  electrochemically  synthesized  nanostructured  NiCo204 
thin  film,  which  showed  a  specific  capacitance  of  580  F  g-1  at  a 
current  density  of  0.5  A  g_1.  Wu  et  al.  [27]  reported  the  sol-gel 
synthesis  of  NiCo204  crystals,  and  the  specific  capacitance  of 
submicron-sized  NiCo204  crystals  reached  as  much  as  217  F  g-1  at  a 
current  density  of  1  mA  cm-2  at  a  high  mass  loading  of 
5.6  mg  cm"2.  Flu  et  al.  [29  obtained  the  high  specific  capacitance  of 
1284  F  g-1  for  NiCo204  nanowires  prepared  by  hydrothermal 
method  at  a  current  density  of  2  A  g-1.  In  our  present  work,  the 
NiCo204  were  synthesized  by  CA,  OA  and  EDTA  assisted  sol-gel 
method,  and  they  respectively  displayed  a  maximum  specific 
capacitance  of  678,  1254  and  576  F  g-1  at  a  current  density  of 
2  A  g_1  at  1  mg  cm-2  loading  mass,  which  revealed  its  promising 
application  in  supercapacitors.  From  these  results  described  above, 
we  can  conclude  that  the  preparation  methods  have  great  impact 
on  the  physical  and  electrochemical  properties  of  NiCo204.  The 
chelating  agent  assisted  sol-gel  method  is  especially  suitable  for 
the  preparation  of  high  specific  surface  NiCo204  as  excellent 
supercapacitor  electrode  materials  due  to  the  high  purity  of  the 
products,  low-temperature  synthesis,  and  easy  realization  of  scal¬ 
able  production,  which  further  demonstrates  its  potential  with  low 
cost  for  a  replaced  candidate  of  R11O2  in  the  application  of  super¬ 
capacitor  as  reported  by  Hu  et  al.  [22  . 

4.  Conclusions 

In  summary,  spinel  NiCo204  nanoparticles  were  successfully 
synthesized  by  a  simple  and  scalable  CA,  OA  and  EDTA  assisted 
sol-gel  method.  The  chelating  agent  is  a  particularly  important 
factor  that  affects  the  size  of  particles,  pore  structure  and  specific 
surface  area  of  the  NiCo204,  thereby  leading  to  the  differences  of 
their  electrochemical  properties;  such  observations  are  of 
fundamental  importance  allowing  the  tailoring  of  electro¬ 
chemical  properties  through  careful  choice  of  chelating  agent. 
The  electrochemical  characterizations  reveal  that  the  NiCo204 
prepared  by  OA  displays  the  highest  specific  capacitance  of 
1254  F  g_1  under  a  mass  loading  of  1  mg  cm-2  at  a  current 
density  of  2  A  g-1,  and  the  NiCo204  prepared  by  EDTA  manifests 
the  best  rate  capability  and  cycling  stability.  Furthermore,  the 
first-principles  calculations  were  used  to  investigate  the  elec¬ 
tronic  structure  of  NiCo204,  which  can  explain  the  low  observed 
resistance  of  the  NiCo204  which  can  be  obtained  from  the  EIS 
data,  and  hence  help  to  further  understand  its  excellent  elec¬ 
trochemical  behavior.  Therefore,  the  good  electrochemical 
properties  coupled  with  the  facile  and  cost-effective  preparation 
method  will  render  it  attractive  for  promising  application  in 
supercapacitors. 
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